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ABS T RACT

A series of measurements of the properties of equatorial

ionospheric irregulari ties were made at Kwajalein , M.I. in

August 1977 and July-August 1978. These measurements , sponsored
• by the Defense  ~uclear  Agency (DNA) , involved coordinated ground

based and in-situ sensors. The ARPA Long-range Tracking and

• Instrumentation Radar (ALTAIR) , operated by Lincoln Laboratory ,

obtained backscatter and transmission data during five nights in

August 1977 and eight nights in Jul y—A ugust 1978. This report

describes the ALTAIR dat a f r om the ni gh t of 11 Au gust  1978 which

yield direct quantitative measurements of 1 m and 3/8 m irregu-

larities and of plasma depleted regions. These plasma depleted

regions , previously predicted on the basis of theoretical
speculation and in-situ data , appear to be associated with the

decay ph ase and not the gener ative phase of the f i e ld  ali gned
irregularities.
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I. INTRODUCTION

A ca mpai gn to obta in coor d in ated meas uremen ts of stron g

equa torial ionospher ic scin ti l lations an d related qene ral iz ed
Spread-F ionospheric irregularities was conducted at Kwajalein ,

M.I. in August , 1977 and in July-August , 197 8 (Greenwich Da te ) .
Th ese measu rements , sponsored by the Defense Nuclea r Agency
(DNA) , were performed using the ground—based sensors (a large

pha sed ar ray ionosond e, a cal ibrated coherent receiver for the
DNA WIDEBAND SATELLITE beacons , an opt ical i n t e r f erometer , and
the ARPA Long-range Tracking and Instrumentation Radar (ALTAIR))

as well as the rocket-borne and satellite—borne sensors of the

DNA Wideband Equatorial Program (SDC-TM—l29OK , March , 1978).

This paper describes only selected , self-contained ALTAIR data of

par ticu lar inte rest rega rd in g the causes and characteris tics of
equatorial ionospheric irregularities.

Several  types of ionospheric data  were obtained by ALTAIR ;

name l y ,

1. Quasi—coherent backscatter data

2. Ionospheric propagation data

3. Incoherent backscatter data

The quasi-coherent backscatter data were gathered using the radar

in two widely different waveform resolution modes, leading to

macroscop ic and microscopic observations of the quasi—coherent

backscatter.

Strong quasi-coherent backscatter echoes were observable by

ALTAIR at both the VHF (155.5 MHz) and UHF (415 MHz) frequency

bands when small scale ionospheric irregularities (i.e., distri-

butions of irregularities containing 1 m and 3/8 m sizes necessary

for Bragg-type scattering at these frequencies) were illuminated

by the radar when the antenna beam was oriented approximately

orthogonal to the geomagnetic field lines. At Kwajalein , irregu—

larities including these scale sizes occur frequently at nighttime ,
particularl y during the Spring, Summer , and Autumn seasons.1



Concurren t samples of coherent VH F and UHF scintillation
data which document the strength , distribution , and horizontal

extent of the scintillation regions were also obtained with

ALTAIR by tracking selected satellites of opportunity through or
above the ionospheric irregularity echo regions. Moreover ,

measurements of the absolute integrated electron density of the

ionosphere between the radar and the satellites at successive

positions along their orbits were obtained directly by measuring

the group delay of the VHF pulse relative to that of the UHF

pulse during the satellite tracking sessions.

The incoherent backsca tter data , primarily a byproduct of
the quasi-coherent measurements in these series of observations ,

are useful for monitoring the overall behavior of the F—region

backqround . Additionally, on the night of 11 August 1978 the

availability of an experimental waveform at UHF , capable of
rapid , accurate measurements of the electron density profiles ,

provided detailed information on the plasma variations and

depletions in the ionospheric background as well as on the

development of the associated irregularities. This paper is

confined to presenting the data from the night of 11 August 1978.

The experimental procedures used in acquiring the data

presented in this paper and the operational parameters of ALTAIR

are described . Extensive examples of the data in the form of

grey scale echo region maps , signal strength sequences , and plots
of electron density profiles are shown, and specific examples
showing irregularity drift rates, irregularity region evolution ,

and density changes are discussed . The results derived from the

data and the implications of these results are discussed .

Correlation of the radar results with related observations from

other sensors has not yet been undertaken .

2
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II. EXPERIMENTAL PROCEDURES

Although the ALTA1R measurements are self-contained , the

ex pe r imenta l procedures were desi gned to accomm odate and to
su pp lemen t the measuremen ts of the othe r senso rs used in the
experiments.

A. Radar Characteristics

Ta ble 1 l ists the princi pal ra dar par ameters of interest for
these measuremen ts . The cha racteristics which  make ALTAIR
particularly suited to the DNA measurement objectives are ; (a)

very high peak power transmitted pul ses w ith a choice of pulse
resolution widths , (b) simultaneous VHF and UHF operation , (c) a

large fully steerable antenna , Cd) computerized radar control ,

and (e) sophisticated calibration and recording systems .

Fortuitously, ALTAIR is located in an equatorial reg ion where
strong ionospheric scintillations occur frequently. The opera-

t ional 30 usec VUF CW pulse and both the operat ional  16 usec UHF
CW pu lse and the experi mental (Mode 1B , Table 1) 4 0 usec UHF CW
pulse were used to ga the r the backsca tter da ta describe d in this
paper.

B. An tenna Sca ns
To observe the momentary spatial structures of the echo

regions within the field—of—view as well as their temporal

development , the antenna was programmed to scan stepwise from

west—to-east , repetitively. A complete scan cycle consumed about

8 m m .  Since the ionospheric irregularities are geomagnetically

• field aligned , the strongest quasi-coherent backscatter echo

signals occur when the antenna main beam is oriented orthogonal

to the geomagnetic field . Thus , the elevation angles during the

quasi-coherent backscatter observation were normally set to
point the antenna beam orthogonal to the geomagnetic field lines

at a nominal altitude of 400 km. The geometry of the geomagnetic

f i e ld  at Kwajalein is such that when the beam is orthogonal at
400 km altitude , there is a fraction of a degree departure from

3



TABLE 1
ALTAIR OPERATIN G CHARA CTERI STIC S

Location : 9.5° N. Latitude (4.5° Magnetic N. Latitude)

167.5° E. Longitude

Antenna: 150’ Steerable Dish

2 Frequency Feed
Frequency Bands: VHF UHF

Center Frequency (MHz) 155.5 415

Peak Power (MW ) 10 20
Beam Width (deg) 2.7 1.1

Pulse Length (m)
Mode lA 4500 2400

Mode lB 4500 6000 (experimental)

Mode 2 38 15

4
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or hoqonal 1 ty in th~ E— r t q  ion and in the  ~~
‘— r e ; i o n  topside  near

~00 kni ; that is , near the altitude limits of interest. At VHF ,

these  ~ t j - 1 r t u rcs t ror~ or t h o c~;on a l i ty  above and below 400 km d u r i n g
the  scan  r~~su1 t in a n e r  1 iq i b le  decrease  in the echo si gnal
stren qth . At U HF , the m i s a l i q n m c n t , particularly at the higher

altitudes , reduced the observed echo strength qreatly. The

directivitv of the echoes at both VHF and UHF was measured to
al low con~’e f l Sj t i ofl f o r  t h i s  e f t e c t , when n e c e s s a ry .  However ,

L durinq the transitions between adjacent beam positions , ortho—

gonality was approximated momentarily over a wide altitude

interval , yieldin g transient indications of the full echo strength.

During the 1978 experiments , a 25-position scan as depicted

in Fig. 1 was used. (During the 11 August 1978 measurements ,

the first beam position was skipped.) The dwell time at each

1)ear~ position was about 9 sec and the transition time between

positions was about 7 sec. The scan step was designe.~ to move
the radar line-of-si ght (RLOS) at the 400 km altitude level

approximately 20 km long itudinall y (i.e., west—to-east , magnetic
long itu~i t ) between each beam position , except at the outer two

positions at either enu where the step distance was doubled . In

terms of angular distance , the step sep aration wa s somewhat less
than the VHF beamwidth of 2.7°. During the return scan , three
preselec ted cen tral beam posi tions were r epea ted prior to
in itia ting another  scan. P rovision was made in the scan control
to offset the elevation angle (typically 70 below geomagne tic

• orthogonality) , particularly at these central beam positions , to
aid in the obs erv at ion of incoheren t back sca tter data which
otherwise are often contaminated by the much stronger quasi—

coherent backsca tte r signals .
The accuracy and the cross ran ge r esolu tion of the radar for

locating features in the echo regions during the scan are deter-

mined by the antenna bearnwidths . Features at adjacent beam

positions were generall y resolved by the UHF beam , but not by
the VHF beam.

5
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C .  k~tiar Oper ation anJ 1~t cordin ;

kadar cal ihra~ ion brucedures were purfor~ ud p~. ior to each

s~~he Lded t veninq operation. On 11 A u g u s t , pe r iods  of r ada r
silence were held ~rom 0 7 : 4 5  to 0 8 : 1 5  and frorr 10 : 3 3  to 11:30 GMT
to a•-oi~ RFI problems with other measurements. (Kwajalein

ftanda:.~ Ti:rt (NST) is GMT — 1 2  hours. True local time is KST +

4 0  :~~i:~~.) Periojic scans  were schedu led  a f t e r  08:15 GMT as often
a~ e v e r y  8 ~ in  when ionospheric activity warranted; otherwise ,

ry h~~lf-ho~~r or so. One satellite was tracked during the

m i L i  le of the session to obtain concurrent scintillation data and

t~ Jutermine the intesrated electron density of the ionosphere.

The data were recorded on ~aqnetic tape , A—scope films ,

Ra n q e — T i n ~e — I n t e n s i tv  ( R T I )  f i l m s , and paper s t r i p  c h a r t s .  Two

types of magnetic recording syste:rs were used: the regular

ALTAI R Recording S’,stem (ARS) and a CDC 6600 computer controlled

aa ta  r e c o r d in c  s y s t e m .  yost  of the  da ta  p i os e n t e d  in t h i s  paper
were recorded by the latter system. Each data record from this

system cenprises 330 samp les of a 20 pulse signal average , p lus
el e v a t i o n  ang le , a z i m u t h  ang le , s t a r t i n g  range , and t ime t ags .
V~~F and UHF records assembled f r o m  i n t e r l e a v e d  pu l se s  were
recorded every second . The reco rdin g win dow nor ma l l y  ex tended
between 90 and 830 kin range w i t h  samples  a t  2 . 2 5  km i nt e r v a l s .
Record ings  w i t h  range r e so lu t ion  as f i n e  as 15 m were  trade w i th
the  ARS sys tem.

7
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t i t  at  t i ice . ) 1- ’ 1 i t  o 2 pi - e u  - q rev cci 1 e nr •i of t he VI I ’ ‘c h oes

in  the F — r e q  r o n  r rst I s  r i - I  (1ur~ e I  • i  sc i r i  r I  m i t  I n c  i t  ab o u t
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a J a r  is s l i e r  ont lv n ew l y  t o t  me>] , b u t  alr ’ady extends well into

I i i  l ” — r ’ s i i O f l  110111 250 t o  450 km. T h i r t  t ’efl m i n u t i ’ s  lat e r , the

p1 t ime , s] ’iowt i  i n  I’ i i .  3 , hail i -x p a n r d e d  upwa rd at a r a t e  of 95 ni/ sec
to a he ig lit o 1 5 25  km and d n i ft oil use  tw a  i’d •r t a b o u t  90 ni/sec.

‘ l w - i t t  v — I  i v o  m i n u t e s  lat er , on-i shown in I-’ig . 4, t h e  plume was

st i l l  dni I t  i n ~ e a s t w a r d  a t  a r at e  of 90 nt , 5 t ’ i ’ and e x p a n d i ng

t t j tc5i r J  at 95 i i i . c eo ;  t h e  t o p  01 the s t r o n g  echo r e q  ion reaching

n o e t - l y  700 km alt i t u d o .  I lv  t h i s  f i n n e , a t h i n n er  l ov er - of
i t  r > ’ n u  icr - it i e s , a b o u t  30 km in i i  t I f u d o  extent , had developed

a l o n g  t h e  l i t  t onns i~~Ie o t  t h e  F’ — n o q i o u r . ( I l o t t r ’is i Io i s  clot m e d  in

t h i s  p ap er  - is ¶ t ic  lower b o u n di  ry  5i t wh i c i m t he  i o n o s p her i c

sl i ’n s i t v  is  tn o r d e r  or  m a g n it u d e  be low j eak d e n s i t y .  Th i s  is
a p j r o x  i n n o t e l  t h e  r e g i o n  ot’ S teep e s t  c i a > ]  j i n t  and  is approximately

100 km l ie  low t h e  peak d e n s i t y  alt i t u de  it t ‘n s u ns e t .  ) Th i s  l a y e r
ex r in i ied  t ’ rom e a s t— t o — w e s t  aI p r o x i m i t  e ly  100 km du r i n g  t h e  28 mm

in  1 o r v al  s i n c e  the  p i ’ ev iot l s  sc a n .  F’ i gu n i ’ 4 shows qu a nt  i t a t i ve
Jet ii Is o I t h e  ii igrici l St . r un g  th  di t i  I rem the  08 : 58 : 01 GMT scan .
The c q n a b  St  no n  Lii in t h i s  p i e  t is in d[3 a b o v e  t he peak  sy stem
nol so b ac kgr o u n d .  The RMS s y st em  n o i s e  o u tp u t  be\’i I for the 30

un - i on  VHF p u l  so is 4 OLOG ( R/3 750) dBsn n , w hor e  R is  t hc sample range
in  km.  The t h r e s h o l d  fo r  t h e  VHF s I q n al  p l o t  s wa s  set 3 dR above
t ii is levi ’  1 . The V h h l - ’ in c o her en t  b a c ks c at t e  r Si s in ~~l n-i in the  m id d le
of  t h e  F— r eg i o n  w e r e  u suc  I lv 2 to 4 dli below t h e  ]~ 1t~ noise

b a c kgr o u n d . Peak V III- ’ q uas i  — c o h e r e s  t echoes up I o ab o u t  4 3 d13

above the  s y ct  s f 1  no iso b ackg  i our’id or up I o ab o t i  t 45 t o  47 dli

ab ove t he i ncohe ren t  b a c ks ca t te r  echoes wor e  I n e 1u e n t  lv  ob served

F igu r e  5 shows t ha t  by 09: 19: 12 GMT , t he  p l u me  observed

e ar l ie r  had d r i  t t ed beyond t i e  f i old—at — v i e w  ot the t~ r>]e r -
Du n  ng the  m t  ~ ‘ n i m , t h e  bat  t o r ir s i de  i r r e qu l  ~in  i t  v I , ivs ’ r - expanded

g e n e r a l l y  upwa us ] i n t o  t h e  m i d > ]  1 e o f  t h e  I- ’— r e q  i o n .  F i cure ~ shows
the  t the peak V h F  echo s t n e r i g  I Ii was a t ow ~Ili st l ongs ’! t h a n  do ci  rig

t h e  pr ev i o u s  scan .

1 0
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The scan in which the data shown in Fig . 6 were obtained

star ted at 11:31:31 GMT , or nearly two hours after the scan for
the data in F ig .  5. Echo development was slow from 0 9 : 4 0  GMT

u n t i l  at least 10:30 GMT , when an hour of RF silence was started
for  purposes of arming the probe rocket.  Between 10:30 and

11:30 GMT , two topside plume-l ike regions developed. The behavior
of these plumes during subsequent observations indicate that the

end of the expansive phase and the start of the dispersive phase

occurred at about 11:31 GNT . Figure 6 indicates that  the peak
echo s t rengths  were about as strong as previously observed , but
the i r  widths  were decl ining by 11:31:31 GMT .

Data taken at 11:41:47 GMT , i l lus t ra ted  in Fig.  7 , show

continued d r i f t  to the east and def ini te  indications of dispersal
of the 1 m irregularities. Figure 7 shows also that the peak

echo strength remained nearly as high as previously observed , but
tha t  the width of the echo regions was decreasing rapidly . This
trend continued throughout the remaining observations as indicated
by the maps and signal strength plots in Figs. 8 through 10 ,

which show the VHF data acquired dur ing  the 11:56:52 , 12:19:06 ,
and 12 :24 :28  GMT scans. The backscattering i r regular i t ies  in the

radar field-of-view had almost completely dispersed by 12:30 GMT .
The peak echo signal strength remained high in many of the regions

unt i l  the al t i tude extent of the regions shrank to a few tens of
kilometers.

B. UHF Data
Pre l iminary  observations were made at 0 7 : 4 0 : 1 8  GMT while

cal ibra t ing the experimental UHF pulse. An echo map derived from
the UHF data from a part ial  scan at that time is shown in Fig. 11.
There were no F-region irregulari ty echoes observed at that time ,
either at VHF or at UHF , but the incoherent backscatter echo
signals from the F-reg ion ionosphere were clearly evident at UHF .
The F-region density , as indicated by the incoherent backscatter
echoes in Fig. 11, was homogenous but with a pronounced t i l t
( upward from west-to—east) of the bottomside .
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Fig. 11. UHF echo map for 07:40:18 GMT scan S
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During the firs t of the regularly scheduled antenna scans ,

s t o n t i nc  a t  0 8 : 1 9 : 3 8  GMT , Uh F echoes were observed using the

normal 16 usec UHF pulse , as shown in Fi g . 12 , in the same region

where VHF echoes (Fig. 2) were observed at that time . During the

scan starting at 08:58:01 GMT , strong UHF irregularity echoes

were  observed w i t h  the 40 usec UHF pulse  (F i g .  13) a l o n g  the
bot tonis ide  of the F - r e g i o n .  These UHF o b s e r v a t i o n s  are  s i m i l a r

to the VHF o b s e r v a t i o n s  except fo r  the g r e a t e r  r e s o l u t i o n  of the
UHF bea m. On the topside , between 450  and 650 km a l t i t u d e  in the
n o r t h e a s t  sector , s t rong UHF echoes were received only  t r a n s i e n t l y ,
s ince  the  a n t e n n a  beam passed q u i c k l y  th rouq h the o r t h ogo n a l i t y
p o s i t i o n  at h i g h  a l t i t u d e s  w h i l e  proceeding to the o r t h o g o n al i t y
pos i t i on  fo r  the m i d d l e  F — r e g i o n .  Because of the grea te r  s e n s i t i v i t y
of the  long UHF pu l s e , Fi g. 13 c lea r ly  shows the incoherent
backscatter F-region background echoes. The upward east—to—west

tilt of the F-region bottomside is nearly reversed f rom it s

condition 80 mm earlier (Fig. 11) . The UHF echo signal strength

for this scan is also shown quantitatively in Fig. 13. The UHF

signal strength displayed is in dB referenced to the backqround

system ou tpu t no ise level , which is 4OLOG (R/5650) dBsm , where R
is the sample range . In the middle of the F-region , the incoherent
echo signal wa s approximately equal to the system noise level for
the 40 usec UHF pulse.

Figure 14 shows the UHF echo map and the UHF signal strength

plot for the scan starting at 09:39:32 GMT, where the i r r e g u l a r i t i e s
have spread along the bottomside ~na have expanded up into the
middle of the F-region . For ~his  sitv a tion , the UHF echoes (Fig .
14) were especially strong and are strikingly similar to the VHF

r e su l t s  (Fig. 5) for the same scan. Plots of the echo regions

and the echo signal strength for  the UH F scan s ta r t ing at
11:31 :31 GMT are shown in Fig . 15. The UHF echoes were also

similar to the VHF echoes at that time . The transient orthogonality

21

~

— — -. —  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~



I— 3-2070i 1
700 -

600 - - S S - S

E -
z~~ 500 - - - S S -

~~ 400 - - ‘

~~ 30O - ‘ S -

I -

200 — - - - - S

100 - ‘ ~~~~~~~-‘ 
-

0— i I I I ‘ I
-400 -200 0 200 400

LONGITUDINAL DISTANCE (km)

] ‘ t ~~~ . I .~. 1 1 1 1 1 ’  os ’ ln ~ IIi l ] S  l o t  (1 I ~ :1 ~ ~~~ i~~’~ ’ I  :;o , I l t

~~~FtIL _ - ‘ - - - - ~~~~~~~~~~~~~~~~~ 
~ 

— . - - - -



L~ ’1 F
S 

- I 1-
~~~ “

~~ ~~
I
~~~~

_
~~+ _  O W

I (~
j 0 C )

-
~ I -‘- - - f,. Z
I - - —
I- — - -  L .- -

• 
-
~~ 

- u~ o -v
z —- - 4, — — 

~} Ø I

- -J

0- 
- _______________________ 0

I I I I 1 I 1 u’~I I I I I I I - ——4
0 0 0’ 0’ 0

0 0 0 0 s~ 0’ 0
r— 

~~‘ u’~ ~~ N~ ~“,J --

(W !~) 3Ofl h IflV

~ 

-,-5•———.-—--—--- .‘—‘——- — — - _5__,_i~~~ __ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ M~è•1,i_thPt ~~~ S~~~ .,~~~ 5S.Jk’ “ “ ~~~“ ‘ SSfl~



‘5-,” - - — — -  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~

—
~~~

= ~~~~~~~ ~~~~~
- -‘ --

~~~~~~

-
- -

~~~~~~~
- 

~~~~~~~~~~~~~
- - -—

~~~~~ 
- -

____ - -- _ o 0
- - h t ~~~- 

(s4~~~~~
— ‘~~~~— —

~
-
~~~ -~—“--4-—t~~ ~~

— — — Z —. 0
- —~~~Z~ -s=-, 

— 
~~~ U)

4-- — —
~~ -- ~~~~~~ —

~~~ ~~~~~~~~ z
° ~~~~~~~~~~~~~~ -

~~~ 2 —.
z -

~ =~~
--  -=-— - - - - - - =‘--~ ‘ -~~~~~~~~
- - - 

~ 5-’ —
~
--- — I- ~~- —- — ~~ —o DI— - ~~~~~~ 0

U) _~~~ - j ~~~~ t - -- . ,~~—i —J ~ o ~. ~ (N
—ii -

~
- 

— ~~~~
-
~~--- 

— — N (V~4
- - - -:: - : - - -

- — -~~~ ‘=-5--- 44 5-~~ - -~~~~~ - 4
Z v T~~~ - - - — 5--S 

- - - W

U) 
~~~ _~~~~~~, _~ __,_ -;:, ~ - - — --

~‘
- -- I —“ -~ c

- - ,  (-.J 0 

- - - : -~~~~~~ I —~~~~ — or
- 

— 
~~~—-

- - - j  - i - - JT 0
4-4

I I I I I I 1 .4_ I
0

-
~~~~ 

‘a
I’, .0

4,)

0
U)
4-i

-
-‘ -: :,~ —• CU

E
- I
-

_ _ _ _  

-o j

4-4 g g g g g g g
~•- ID It) ~ - (0 CM —

(w ~~) aaru.inv

24

- - — -—-— — —~~~~ — — ~~~~~~~~~~~ ‘,‘—--——- 
_ _ _- __~~~ ____ - __,_‘_~__S____

_ ____ ~~
_ _ ‘_~~~~~~~~~ _~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -*-



- ‘ 5- --- -- - -- -- - - --- -- - -5-—- — - — -- - - ---- -— --5-—- - -

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

T 
—

~~~

_I 
• - _ - _ 

~~~~~ 
- —0 —4

—~ - - S ~, / ,i — —

z ~~~ 
- --- - - - -

- 
—+_ - _ ii~~ 

— 
‘

(4’ - Li 1-4

~5 0 ~~~~ 
- - U) 0

- 
-~ - :  

~~~~~~ - - - 
— ig’)

± ~~~~ 
-
~~~~~ 

-

- - --- - - — —  (‘4,3 0
- 

— (~ i — or ‘a- ,‘ 
.0

I I I  1 I

~~~~~~~~~ 

~~~~~~~ 

—

-

~~~~~~~~

_0 3 E

~-) •1

~‘~“!~

8 8 8 8 8 8 8
— F-. (0 in ~~ r) N —

(W)$) 3OflIIJIV

25

-- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



of the antenna  beam to the geoma gne tic f ie ld  lines above 4 00 km
al titude in the northeast, allowed only t ransient records of the
signal s treng th in tha t reg ion .

The echo map and signal strength plot of the UHF scan at

11:41:47 GMT (Fig . 16) show not only a rapid decay of the
sca tter ing i r regu l a r i t y  reg ions , bu t also a ma rked reduction in
the back ground F-reg ion dens i ty  in the a l t i t u d e  interval  j u s t

below the decaying irregularity regions. These depleted plasma
regions were not observed earlier during the 2xpansive phase of

the irregularity regions. The plots from the 11:56:52 GMT scan

(Fig. 17) show that as the irregularities dispersed , the depleted
plasma region grew. Both regions drifted eastward at a rate of

approximately 120 rn/sec. The continued dispersal of the irregularity

reg ion , the continued dr if t  of the i r regular i ties , and the growth
of the depleted plasma region are shown in the plots of the UHF

data  acquired dur ing  the 1 2 : 0 4 : 0 5  GMT scan (Fi g. 18) .  Fi gure 18
shows also that the peak echo strength at the center of the echo

region remained strong while the top and bottom of the echo
region eroded . The drift rate of both the irregularities and

the depleted reg ions decreased s igni f icant ly  shor tly a f te r  this
but remained approx imately equal to each other.

The plots from the 12 :18:06 GMT scan (Fig. 19) show continued
drift and decay of most of the echo regions. These plots also

show a newly formed local irregularity region below the F—region

bottomside at about 240  km a l t i tude .  The plots from the 1 2 : 2 4 : 28
GMT scan (F ig .  20) show that most of the 3/8 m i r regular i t ies,
which had not had time to d r i f t  out of the f i e ld—of—view by
12:3 0 GMT , had vi r tua l ly  dissipated . One of the remaining
depleted plasma regions is still prominent in the lower to
middle F-region near the western end of the scan. The other

depleted region had d r i f t ed  nearly out of the f i e ld—of-v iew , but
its t ra i l ing  edge was sti l l  detectable near the eastern edge of
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the scan on the topside at 12:30 GMT as the observations for that
night were ended . A trough in the incoherent signal background is

graphical ly evident in the signal strength plots of Fig.  20 despite
the stochastic f luc tua t ion  in the signals.

A pl ot of the easter ly component of the d r i f t  rate is shown
in Fi g. 21. The drift rate increased uniformly from the start

of the measurements at F—region sunset, unti l  about 12 :15 GMT
(i.e., until about 1 AM true local time) and then decreased

rapidly. A plot of the average altitude history of the bottom-

side as deduced from the UHF echo maps and the el ect ron density
profiles is presented in Fig. 22.

The expansive phase of the irregularity regions as observed

coincided with the uniformly increasing drift rate , start ing
when the d r i f t  rate was relat ively low (90 m/sec) - The decay
phase began at about the same time that the inflection in the

drift rate curve occurred . Ad—hoc relationships between the
irregularity development and the rise and fall rate of the

bottomside al t i tude are not obvious. However , it may be noted

that the bottomside had risen above 300 km altitude at the start

of the i rregulari ty formation and had fal len below 250 km at the
t ime of their disappearance .

C. Scintillation Data

A satellite (Object No. 3605) passed above the irregularity
region in the northeast at 10:18 GMT and was skin tracked by ALTAIR.
At that time, the echo region extended between 270 and 430 km

altitude uniformly distributed horizontally from the northwest
through the northeast. The radar signal intensity during a short

section of the track (calibrated in dBsm) is shown in Fig. 23.

The satellite, a stabilized cylinder with a slowly varying normal

backscatter cross section , was at an altitude of 1450 km. As
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i r t s - ’:ularities and laryer scale density gradients. For the off—

o r t h oq o na l  beam s igna l s , some contami nation occa sion all y occurred
when  ver y  s t r o n g  quasi-coherent echoes entered through the
antenna sidelobes. However , this problem of sidelobe clu tter is
much loss severe at Uh F than at VHF.

An i n t e g r a t i o n  time of 9 sec was used in processing the
iensity profiles derived from signals recorded during antenna

scans consistent with the antenna dwell times. One consistent

e x c e p t i o n  was fo r  the cent ra l  beam pos it ion signa l s  where th e
dwell  t ime was short  and the i n t eg ra t i on  time was l imi ted to 1

sec . C o n s e q u e n t l y ,  the p r o f i l e  for  th i s  pos i t ion , indicated on

the plots  as beam posi t ion 13, is more ragged than the o thers .

D u r i n g  p rocess ing ,  a threshold was set on the min imum s ignal
processed at 0 . 2  dB above RMS system noise. This resulted in a

smooth profile limit in regions where the density was too low to

measure. For signals derived from non-orthogonal beam positions ,

integration times between 8 and 40 sec were used .

Figure 25 shows the electron density profiles for each beam

posi tion for the par tial scan starting at 07 :4 0:18 GMT , prior to
me ter sized irregula rity formation . The F-region thickness at

that time was , as expected , appreciably greater than later in
the evening. The peak electron density was re la t ive ly  hi gh ,

near ly  l012/m 3. The bottomside was at an altitude of 275 km at

150 km west of the radar and at 300 km altitude at 75 km east of
the radar.

The electron density profiles for the antenna scan at

08:58 GMT are shown in Fig. 26. At this time , the quasi-

coherent backscatter from the irregularities , which had recently
formed in the steepest gradient region of the bottomside ,

contaminate the density measurements in that region , but do not
bother appreciably the remainder of the profiles. Also, at that
time , the re were strong quasi-coherent echoes in the topside
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steepest qradient region in ~i f e w  of the most eastern beam

p o s i t i o n s .  The density profiles from this scan and the earlier

scan show no indica tion of the occ ur rence of bi teouts  (plasma
dep let ed  reg ions) in the middle of the F-region , even though
irregularities are prominent on the topside at these times.

Density profiles for off—orthogonal (to geomagnetic field lines)

beams are shown in Figs. 27 and 28. The profile in Fiq. 27 was

taken at 09:33 GMT with the antenna pointed toward magnetic

nor th and wi th  the eleva tion angl e set 70 below the orthogonal
position. Figure 28 shows the electron density profile at

09:37 GMT , where the antenna is pointed nor thwest and the

eleva tion an gle is set 5° below orthogonality . The F—region

layer  was then thinn er in the nor thwest , with a smaller electron
content than in the north. No plasma depleted regions were

detected during these observations .

Dens ity p ro f i l e s  for  each beam pos ition of the orthogonal
scan starting at 09:40 GMT are shown in Fig. 29. On the western

side of the scan , bottomside irregularities have expanded up

into the middle of the F-region , obscuring the density measure-

ments over a wide region in that sector. It is of interest to

note that the strength of the quasi—coherent signals were about

the same in the bot tomside layer , where the dens ity is an order
of magni tude smal ler  than the peak , as in the peak density region .

Densi ty prof iles for  each beam position dur ing the or thogonal
scan starting at 11:31 GMT are shown in Fig . 30. Quasi—coherent

echoes which were then sca ttered through the reg ion obscure
par ts of the p r o f i l e s .  Troughs in the densi ty  p r o f i l e s  near the
middle of the F-layer , just below the irregularity echoes , particu—

larly for the first beam position on the west end , between 350
and 45 0 km a ltitude and in the next  to la st beam posi t ion toward
the east at an alti tude of 350 km were then evident. These

troughs are believed to he true man i festations of depleted
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Fig. 27. Ele8tron density profile for beam position at
azimuth = 8.4 , elevation = 74° dur ing  09:33 GMT scan .
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plasma regions. Support for this assertion is given in Figs. 31

and 32 , profiles recorded toward the north for non-orthogonal

beam positions. An unmistakable biteout of almost an order of

magni tude below the peak densi ty appeared at an al ti tude of 375
km at 11:38 GMT. Successive measurements at 11:38 GMT (Fig. 31)

and at 11:39 GMT (Fig . 32) showed the biteout to be widening ,

rising, and filling in. The biteout appeared in the beam positions

f u r ther to the east at 11:42  GMT w i th  its leading edge at a

lower altitude as shown in Fig. 33. The later observation

ind icates tha t the bi teout layer was t il ted downward and dr i f t i n g
to the eas t .

Densi ty pro f i l e s  for the or thogonal scan at 11:4 9 GMT
(Fig. 34) show the first four beamwidths in the west had become

clear of 3/8 m irregularities. The next four beams contain

topside irregularities and middle F—region biteouts. Profiles

for the orthogonal scan at 12:18 GIlT (Fig. 35) show most of the

beams to be clear of i r regular i ty  echoes , except for a narrow

layer on the bottomside in the northwest and in the middle F-

layer to the east .  Deple ted plasma regions occur ring jus t below
the remaining middle F-layer irregularities in the east were

evident at that time .

The density profiles for the last orthogonal scan from

12:24 to 12:30 GMT presented in Fig. 36 show that the irregularity

regions previously seen had mostly vanished. Some of the

irregularities previously seen had drifted out of the truncated

field-of-view to the east and others had dissipated. Plasma

depleted regions in the middle of the F-region in the west were

still visible as shown in Fig. 36.
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Fig6 
31. Electron d8nsity profile for beam position at azimuth =

8.4 , elevation = 74 during 11:38 GMT scan
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Fig
6 32. Electron density profile for beam position at azimuth

8.1 , elevation 74° dur ing  11:39 GIlT scan .
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V

IV. DISCUSSIONS AND CONCLUSIONS

The experimental results described in the previous sections

have numerous significant implications for theoretical modeling and

pred iction of ionospheric irregularities. A few of the most

obvious ones are discussed here .

A. Spectral Slope in the Submeter Scale Size Region

Ionospheric irregularities in the tens of kilometers to tens

of meters scale size region are generally agreed to obey a power

law distribution. Recent speculation (Woodman , R. and S. Basu,

October 1978) suggests that the inner scale size of this dis-

tribution occurs at the ion gyro—radius , i.e., at a few meters ,

and that a different distribution law applies to the smaller

sized irregularities. The existence of backscatter data at two

wavelengths in this latter domain o f f e r s  the oppor tuni ty  to
determine the spectral slope in this region .

The quasi-coherent radar echo signal is composed of the

total contributions of the echoes from each of the many individual

half-wavelength sized irregularities illuminated by the radar.

Thus , the output signal level is a measure of the spectral-power
at that wavelength and is proportional to the number of irregu-

larities in the corresponding radar range cell. For consistency

in regard to the echo region volume , cases in which the radar

beam appears to be “filled” by the irregularity region need to be

selected for this type of data analysis. Some assurance that
• this condition is met can be obtained by selecting data for which

the echo regions are homogenous and appear to subtend larger
• angles at the radar than the antenna beam does. Under these

conditions , the magnitude of the quasi-coherent signal tends to

approach its historical maximum at a given range. To normalize

the signal level independent of beam size , it is convenient to
determine the signal level relative to the incoherent scatter
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signal level which was measured at UHF and calculated at VHF for

these data. As noted previously, the VHF quasi-coherent signal

levels under these conditions were observed to be 45 to 47 dB

above the calculated incoherent scatter signal levels and the UHF
quasi-coherent signals were 34 to 37 dB above the measured

incoherent echo levels.

A relationship for the ratio of quasi-coherent 
~~~~ 

to
incoherent 

~~~~ 
signal levels as derived by Woodman , R. and S.

Ba3u , October 1978 is

~hF/~ hI = (~~~)2 8~~
3/2 L2/ ( N0~~( l +k2L2)312•k O )  (1)

where N is the background ionospheric density , AN is the density
var ia t ion, L is the outer scale size parameter, and k is the
irregularity wavenumber. Woodman and Basu used Eq. (1) to test

whether Jicamarca radar irregularity data (50 MHz frequency , 3 m
scale size) obey the power law distribution previously found to

be valid for experimental, in—situ , hectometer sized irregularity

data. Using their assumed values of N = 6x1011/m 3 , ( A N) 2

36x10 20 /m 3, and L = 20 kin, which are compatible with the present

data,  and ALTAIR parameters of kVHF = 6.3 in~~~, kUHF = 17 m 1
,

8VfJF = 0.047 radiai~, and 0UHF = 0.019 radian, yields 
~hF’~ hI

(VHF ) = 53 dB and 
~hF’~ hI (UHF) = 40 dB. The measured ALTAIR

results at UHF are 3 to 6 dB below the value obtained from Eq. (1)

and the VHF results are 6 to 8 dB less than Eq. (1) numbers.

j Closer agreement with the measured value at either one of the

frequencies can be obtained by reasonable adjustment of the L or

the (~~~)2 parameters. However , in that case , a 3 dB discrepancy

still occurs at the remaining frequency .

A direct determination of the spectral slope in the 1 to 3/8 m

regime can be made from the ALTAIR VHF and UHF data themselves

without resort to additional assumptions. The ratio of measured
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VHF to UHF quasi-coherent signals, normalized to a common
illuminated volume , is 10.5 ± 2.5 dB. Thus , the slope of the log

of the power spectral curve versus the log of the wavenumber in

this region is —2.4 + 0.6. Assuming a generalized power law spectrum

PhF (U H F ) / P hF (VHF) [kUHF

] 

-m 
( 2 )

VHF

where m = 2.4 + 0.6. Since these results refer to a two dimen-

sional process , they imply that the empirical one dimensional
powe r spectrum k~~~, where n = 1.4 ± 0.6 in this region. Thus,

the empirically determined slope of the power spectrum for

irregularity sizes between 1 and 3/8 m is somewhat shallower than

indicated by the power law index of m = 3 from Eq. (1) for inter-

mediate sized irregularities. These results suggest that a process

of irregularity cascading from larger to smaller sizes is also

operative in the subineter region . An abrupt cut—off of irregularity

formation for sizes below the ion gyro-radius previously anticipated

by Woodman and Basu is ruled out by the present data except during

the decay phase. A possible explanation of the occurr~ence of
irregularities in this domain is given by Huba et al. (1978).

Although the present results indicate that the spectral index is

somewhat smaller in the submeter region than it is in the inter-

mediate irregula r i ty  size region , they do not test whether a
power law spectrum is valid in the submeter region . In combination

with  Woodman and Basu ’s results, it appears that a transition
region from one cascading process to another occurs in the

vicinity of the 3 m irregularity size.
• B. Irregularity Decay and Associated Scintillation

The ALTAIR measurements of 11 August 1978 during the decay

phase of backscatter echoes uncovered several interesting facts.

The 3/8 m irregularities decayed very shortly before the 1 m
irregularities. As the small scale irregularities decayed , a
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larger scale sized depleted plasma region appeared in their
stead . Af te r  the decay of the meter sized irregularities , the
depleted plasma regions continued to exist for at least a short

interval unaccompanied by the meter sized irregularities.

Scintillation measurements were made on the WIDEBAND SATELLITE

which passed over the depleted region during this period and

strong scintillations were observed .

On at least a dozen separate occasions during this series ,

scintillations of transiting satellite echoes were observed to

occur , without exception , in the same regions in which quasi—
coherent backscatter signals were detected by ALTAIR. Conversely,
when satell i te scint i l la t ions were observed in the geomagnetic
orthogonali ty regions , they were found to be accompanied by
quasi-coherent backscatter signals with the exception of the
above described s i tuat ion on 11 August 1978. The implication is
that the presence of quasi-coherent backscatter signals is a
positive indication of the coexistence of larger , scintillation
associated irregularities. Furthermore, the existence of scin-

tillation sized irregularities appears to indicate the coexistence

of small scale i r regular i t ies  except during the decay phase of the
scint i l la t ion.

C. Plasma Bubble Models
The cause of the formation of generalized Spread-F in the

equatorial ionosphere has long eluded ionospheric investigators.
The current most widely held theory (Scannapieco , A. and
S. Ossakow , August 1976; Woodman , R. and C. LaHoz , 1976; and
Ossakow , S. et a l . ,  April 1978) portrays a Rayleigh Taylor
instabi l i ty  on the F-region bottomside as leading to a plasma
depleted reg ion , or plasma bubble , which subsequently rises
through the F-region layer causing small scale irregulari ty
formation on its sides and in its wake . The measurements reported
here show conclusive evidence of pla sma depleted reg ions . However ,
these measurements indicate that the plasma depletions were
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associated with the decay of the fine scale irregularities instead
of their formation. It is possible , although it presently appears

unlikely, that plasma bubbles occurred in the middle of the F-
region during the formative stage of the irregularity development

on 11 August 1978, which were not detected by ALTAIR. Variations

in the thickness of the F—region layer , extending hundred s of km

horizontally observed by the radar during the irregularity

formation stage, did not appear to be associated with mid-layer

plasma bubbles. In comparing the results of this set of measure-

men ts wi th model predictions, it should be kept in mind that
these measurements represent specific observations for a particular

set of conditions which may or may not be typical of the general

morphology. The bottomside altitude history observations described

above, which indicate a growth of echo regions when the bottomside

was rising above 300 km and a decay in echoes when the bottomside

was falling below 250 km , appear consistent with plasma bubble

model predictions . A large amount of ALTAIR data regarding the

behavior of the ionospheric background and the small scale

irregularities remains to be analyzed and correlated with other

observations and calculations.
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APPENDIX A

ELECTRON DENSITY DERIVATION FROM ALTAIR
SIGNAL AND CALIBRATION RECORDS

For convenience in measuring the radar cross section of

various objects, the gain of the ALTAIR receiver is calibrated to

provide a constant output signal from a constant cross section

point target independent of its range from the radar. Thus, the

output background noise increases as R4, where R is the radar

sample range. Moreover , the radar calibration indicates the RMS
system noise output in dB relative to one square meter is xs~0 =

4OLOG (R/R0) dBsm , where for the 40 usec UHF CW pulse, R0 = 5650 km.

Any additional signal, due to incoherent scatter echoes, for

example, is measured relative to (i.e., in addition to, in terms

of dB) this background noise level.

The Thompson radar cross section of a single electron in a

plasma is

XSe = 10 28/(l+T /T.) (m2)

where Te is the electron temperature and T~ 
is the ion temperature

of the plasma. After sunset, the equilibrium electron temperature ,

T , declines to the ion temperature , t1. Since no independent

measurement of this temperature was made during this series and

since it approaches unity at nighttime, the approximation for the

results presented in this report was made that, XS
e 

= 0.5x10 28

~
2. Errors due to this approximation are expected to be negligible

• for post sunset data.
The resultant cross section (xst) from incoherent scatter

from all of the electrons in a given range cell across the
- 

- 
antenna beam is

xs
~ 

= (R O ) 2L ‘~e X5 . ~/4 (m 2 )

59 

~~*~~~5’tI — - ‘
~~~~

“ ‘-‘ ‘- ‘-“ - -“—~~~ ---—----- - ‘ - - -‘



-5-

where L is the pulse length , R is the sample range , and 0 is the
antenna beamwidth . 0 ~ 4ir/G , where G is the antenna gain.
Therefore , the observed ratio of the incoherent scatter signal to

the signal noise backqround corresponds to
= ~2 L 

~ ~~~ R0
4 

fl e~’G R 2

In terms of the calibrated cross section signal , S, in dBsr n , and the
background noise cross section , l0LOGxs~01 in dBsm

S - 4OLOG IVR0 = = l0LOG(xs
~

/xs )

and ,

= G R 2 ( l0~
S/10 _l)/1r 2Ro

4xs
eL (rn 3)

Therefore , the electron density is determined directly from the

recorded radar cross section signals and the calibration constants .

If accurate electron density measurements were also to be made

during the daytime , the ratio Te/Ti would need to be determined

by measuring the Doppler characteristics of the incoherent

backscatter signal.

60

- •~~~~~~~~~~ - - - 

5- —~~~~~-
“- - — -‘- --



Fr— 
—5- - -- -,--,--——-—----•- ‘5 - 

—,----—‘--- --,— ‘- —5--— ~~~~~~~~~~~~~ ---~n~~ ~~~~~~~~~~~~~~~~~~~~~~~ , . . u,
______________________ 

--

1’N~~LASSlI- t I - t )
SE CURIT Y C L A S S I F I C A T I O N  OF THIS PAGE (BII.I, flats L,ie,ed)

REPORT DOCUMENTATION PAGE 13FF U KM
I ) F P O R T N L )U B E R  2. GOVT  ACCE SS ION NO 3. R E C I P I E N T ’ S  C A T A L O G  NUMBER

I- SI )— I R—7 ~)— ,~2.I

4 h i L t  ‘ 5 ’  I-l - -
~ 5. T Y P E  OF REPORT & P E R I O D  C O V E R ED

:\L L A I R  ()h~-s,’t ’ v I I1so IS ot lonosp I ler ic  l r r e g M 4 l r i t i . -s  I C C # I I I I C . l t  \o( .’
JIISI LI,t ck s4 ro ittisi I )e II ~- I lie S- 6. PE RFO R MIN G O R C R E P O R T N U M B E R

ti-c linical \ote 19 7 9—41
7 . AUTHOR - 8. CONTRACT OR GRANT NUMBER (SI

I)avid \I. I~s~~k- I:19~~ 2~~~_ 7 I~ _C_0002

9 . P E R F O R M I N G  ORGANIZAT ION NAME AND ADDRESS 10. PROGRAM EL ~M E N T , PROJECT , TASK
- - A R E A  & WORK UNIT  NUMBERS

L i . ticol it I_ UL )O I’ ,) to 5 %  , \l . 1. I
P.O. Box 73
Ls,,xin~~Ion , MA 02 1 7- 1

I ) . CONTROLL ING OFF ICE  NAME AND ADDRESS 12 . REPORT D A T E
I ) ete nse Nus , lear Agency -
I Ivbla Valley I-es-k-ral Building 19 S~pteI nher 1 979
ES0 1 I’elegraph Road 13, N U M B E R  OF PAGES
A1~-xandr a, VA 20305

14 , MONI TORI NG AGENCY NAME & ADDRESS (If dtf ferens /ro,,, Controlltng 1’f/s~..) 15. SECURITY CLASS. -f SlIt’ ,ep, ,I(

I- lect ronic SvsIenl S 1)ivlsion ljI3clas Sj fie (1

I I,IIls’s~s)IIT :~I:B- 15a, DECLASSIF ICATION DOWNGRADINGl3etltord, \1 \  017 11 S C H E D U L E

16, DISTR IBUTION S T A T E M E N T  Is! III., ks-port1

Approved for public release; distribution unlimited .

I? , DISTR IBUTION S T A T E M E N T  - /  the s~ot ’aot entered sn Block 20. •/ d.ffs-rs-,,: from Repos’tS

18, SUPPLEMENTARY NOTES

N one

19. K E Y  w O R D S ’ )  5, IIS c,n r e s - s - , . e  s,de •/ sees -nsa,7 and sdenli/y by bloc?. nwnheo

ionospheric Irregulari ties plasma depleted regions
radar scintillation ALTAIR
ionosp he ric p lumes equato rial Ionosphere

70. ABSTRACT (ConI,ni.e os~ reverse side if necs sa3y and identify by bloc?. ,.amber)
A series of measure ments of the properties of equatorial Ionospheric Irregularitie s were made at

Kwajaiein. Mi .  in August 1977 and July-August 1978. These measure ments , ~~~~• ~~~~~~~~~~~~~~~~~~~~ Involved coordinated ground based and in-situ sen sors . The AR P A Long-range
Tracldng and insEru menta don Radar (ALTA IR), ~~~~~~~~ 1tr~~,,.w~~~~- obtained backsca t ter
and transmission data (luring five nig hts In August 1977 and eight nights in July-August 1978 . ThIs
report describe s the ALTAI R data front the night of 11 August 1978 which yield direct quantitative
measurements of 1 In and 3/8 m Irregularitie s and of plasma depleted regions. These plasma de-
pleted regions, previously predicted on the basis of theoretical speculation and In-s itu data , appea r
to be associated with the decay pha~~i and not the generative phase of the field aligned irregularities . ~~~~~~

oo 1473 EDIT ION O~ I NOV 63 IS OBSOLETE UNCLASSI I:IED

SECUR ITV CLA SSI~~ICA7ION OF THIS PAGE ilhen Dat a FtIfr, C6I

~~~~~~.- ‘~~~~~~:~~~~~~~~~~~~~~~~~ z: ‘

~~~~~~~ 

— Ti~~ 
- 

~~~~~~~~~~~~ 
-~~~~~~~~-~ 

~
---

~
-- •- ——- -

~~~ 
t.~~—- -. -

~~~~~~ 

- A ~~~~~~-


